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1  | INTRODUC TION
Nitrogen	(N)	deposition	is	among	the	main	drivers	of	the	loss	of	plant	
biodiversity	 in	 terrestrial	ecosystems	 (Bobbink	et	al.,	2010;	Sala	et	
al.,	2000;	Vellend	et	al.,	2017).	 In	the	 last	century,	enhanced	emis‐
sions	of	nitrogenous	compounds	caused	by	agricultural	and	 indus‐






























Duprè	 et	 al.,	 2010;	 Stevens,	 Thompson,	 Grime,	 Long,	 &	 Gowing,	
2010)	or	over	 a	 spatial	 gradient	 (e.g.,	Duprè	et	 al.,	 2010;	 Jones	et	















Previous	meta‐analyses	 that	 addressed	 impacts	 of	 N	 on	 plant	










Schipper	 et	 al.,	 2016;	 Winfree,	 Fox,	 Williams,	 Reilly,	 &	 Cariveau,	
2015).	 In	 this	 study,	we	 synthesized	a	 large	number	of	N‐addition	
studies	worldwide,	in	order	to	reveal	the	overall	effects	of	N	addition	
on	various	metrics	of	 local	plant	biodiversity	 and	explore	 the	 role	
of	potential	experimental	(amount	of	yearly	N	applied,	experimental	






dance	 (IA)	 (Benítez‐López	 et	 al.,	 2017),	 mean	 species	 abundance	
(MSA)	 (Alkemade	 et	 al.,	 2009)	 and	 geometric	 mean	 abundance	
(GMA)	 (Buckland,	 Magurran,	 Green,	 &	 Fewster,	 2005;	 Buckland,	




We	 expected	 local	 biodiversity	 to	 decrease	 with	 increasing	
yearly	amounts	of	N	addition	and	experimental	duration,	reflecting	
the	negative	effect	of	cumulative	N	enrichment	(De	Schrijver	et	al.,	
2011;	Humbert	 et	 al.,	 2016).	We	 further	 hypothesized	 that	 larger	
negative	 impacts	of	N	addition	will	occur	 in	sites	with	 low	soil	pH	
and	low	atmospheric	N	deposition,	because	plants	growing	in	such	
conditions	tend	to	be	more	adapted	to	 low	N	availability	 (Bobbink	







N	 tends	 to	 acidify	 the	 soil	 strongly	 and	disadvantage	 the	nutrient	
uptake	of	N‐poor‐adapted	species	(Song	et	al.,	2012;	van	den	Berg,	




were	also	expected	 in	sites	with	 low	soil	CEC,	because	 lower	CEC	
indicates	higher	susceptibility	to	acidification	in	response	to	N	addi‐
tion	(Clark	et	al.,	2007;	De	Vries,	Posch,	&	Kämäri,	1989).	We	further	
hypothesized	 losses	 to	 be	 larger	 in	 experiments	 conducted	 under	
higher	mean	annual	 temperature	 and	precipitation,	 because	 these	
conditions	are	expected	 to	 result	 in	higher	N	mineralization	 rates,	
hence	enhanced	N	availability	 after	 fertilization	 (Dise	et	 al.,	 2011;	
Yang,	Ryals,	Cusack,	&	Silver,	2017).
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2  | METHODS
2.1 | Selection of primary studies
In	April	2018,	we	used	 the	Scopus	and	Web	of	Science	databases	
to	 collect	 primary	 studies.	 The	 search	 strings	 were	 composed	 of	
“OR”	and	“AND”	statements	combining	terms	related	to	N‐addition	
experiments	 and	 different	 dimensions	 of	 plant	 species	 diversity,	
for	 example	 (“nitrogen	 fertilization”	 OR	 “nitrogen	 addition”)	 AND	
(“abundance”	 OR	 “composition”	 OR	 “number”	 OR	 “richness”)	 (see	
the	 complete	 search	 strings	 in	 Supporting	 Information	 Appendix	









vegetation,	 excluding	 studies	 conducted	 on	 crops,	 mono‐cultures	
or	 where	 species	 were	 artificially	 introduced	 in	 plots.	 Finally,	 we	
removed	 studies	 that	 reported	 the	 same	data	 as	 other	 studies	 al‐




















same	experiment,	which	 resulted	 in	89	observations	 for	MSA	and	
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2.2 | Calculation of the effect sizes




Gurevitch,	 &	 Curtis,	 1999).	 Some	 species	 had	 zero	 abundance	 in	
treatment	 plots,	 precluding	 log‐transformation	 for	 IA	 calculation.	




F I G U R E  2  Geographical	distribution	of	the	studies	included	in	the	meta‐analysis.	Studies	included	experiments	reporting	on	species	
richness	only	(=	red	circles);	abundance	only	(=	blue	squares);	or	both	species	richness	and	abundance	(=	green	triangles).	Point	size	
depicts	the	number	of	observations	available	(i.e.,	the	number	of	N‐addition	level)	from	each	experiment
TA B L E  1  Summary	table	of	the	metrics	and	weights	used	to	quantify	biodiversity	change	in	the	meta‐analysis
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peatlands,	 arctic/alpine	 ecosystems	 and	 forests;	 see	 details	 about	















cipitation	were	derived	 from	 the	 global	Climate	Research	Unit	 da‐
tabase,	which	 comprises	 series	 of	monthly	meteorological	 data	 on	
a	0.5°	×	0.5°	 grid	 (New,	Hulme,	&	 Jones,	 1999).	 For	 each	observa‐











for	mean	 annual	 temperature	 and	 soil	 pH,	we	 log‐transformed	 all	
continuous	moderators,	 because	 the	 data	 showed	 strong	 positive	
skewness,	and	we	scaled	and	centred	all	continuous	variables.	The	
only	moderate	 correlation	 among	moderators	was	 between	mean	
annual	 precipitation	 and	 soil	 pH	 (richness	 dataset	 ρ	 =	 −.75;	 abun‐
dance	dataset	ρ	=	−.68).	Based	on	this,	we	decided	not	to	exclude	
any	moderators	 initially.	We	 performed	 stepwise	 backward	 selec‐
tion	based	on	the	Bayesian	information	criterion	(BIC),	whereby	we	
excluded	a	moderator	only	if	it	was	also	dropped	from	the	interac‐
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rma.mv	function	of	the	R	package	“metafor”	(Viechtbauer,	2010).	
Observations	were	weighted	by	the	inverse	of	the	sampling	vari‐





GMA	have	 a	 different	 structure	 compared	with	 log‐transformed	






Finally,	 we	 used	 null	 models	 to	 estimate	 the	 weighted	 mean	
pooled	 effect	 size,	 namely	 the	 overall	 amount	 of	 plant	 diversity	





observation	precision	 (1/SE	 or	 the	 inverse	of	 the	number	of	 repli‐
cates)	as	a	moderator	(Møller	&	Jennions,	2001;	Nakagawa	&	Santos,	
2012).	Results	of	 null	models	 and	publication	bias	 are	 reported	 in	
Appendix	 S5.	 All	 analyses	 were	 performed	 in	 the	 R	 environment	
(version	3.4.2;	R	Core	Team,	2017).
3  | RESULTS
We	 found	 that	 all	metrics	 of	 plant	 diversity	 responded	negatively	




a	 relative	 loss	of	SR	by	17%	and	of	 individual	 abundance	by	64%,	
whereas	the	MSA	and	GMA	were	estimated	to	be	reduced	by	34%	




The	 multiple	 meta‐regression	 models	 showed	 that	 the	 re‐
sponses	 of	 plant	 biodiversity	 to	 N	 addition	 are	 influenced	 by	
various	 environmental	 and	 experimental	 covariates	 (Table	 2;	 for	




annual	 temperature	 (for	MSA).	 In	addition,	 the	 lowest	BIC	model	
for	SR	retained	a	significant	 interaction	between	yearly	amounts	
of	N	 addition	 and	mean	 annual	 temperature	 (Table	 2),	 indicating	





ring	 in	smaller	plots.	Additionally,	we	found	that	overall	 losses	 in	
SR	were	 less	 pronounced	 in	 soils	with	 higher	CEC.	 For	 instance,	
after	a	5‐year	experiment	with	an	addition	 level	of	100	kg	N/ha/
year,	 the	model	estimates	10%	of	SR	 loss	 for	soils	with	a	moder‐
ately	high	buffering	capacity	to	acidification	 (CEC	=	35	cmol/kg).	
However,	 estimated	SR	 loss	 increases	 to	30%	 if	 the	 same	exper‐























The	 biodiversity	 loss	 observed	was	 strongly	 driven	 by	 the	 yearly	
amount	 of	 N	 addition.	 The	 higher	 the	N	 addition	 to	 the	 soil,	 the	









of	 N	 addition	 agree	 with	 the	 results	 of	 previous	 meta‐analyses	
conducted	 over	 a	 large	 geographical	 extent	 across	multiple	 types	
of	ecosystems	(De	Schrijver	et	al.,	2011;	Soons	et	al.,	2017)	and	in	
mountain	 grasslands	 specifically	 (Humbert	 et	 al.,	 2016),	 although	
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proportional	 loss	after	N	addition	was	significantly	higher	 in	 larger	
plots	(>	8	m2).	Contrary	to	these	findings,	we	found	overall	larger	loss	
of	SR	 in	smaller	plot	sizes	 (1	m	×	1	m	or	 less)	compared	with	 larger	
ones	(3	m	×	3	m	or	more;	see	Supporting	Information	Appendix	S6,	
Figure	 S6.1c).	 Possibly,	 in	 larger	 plots	 the	 chances	 are	 greater	 to	
survey	a	few	remaining	individuals	of	the	same	species,	decreasing	
the	chance	of	 full	extirpation	from	the	sampled	area.	We	have	not	

















yielded	higher	overall	 (gamma)	diversity	 at	 greater	nutrient	 levels.	




(moderators) Estimate SE Z‐value LCI UCI p‐value QM (d.f.) PQ
Species	richness	(SR) Nadd −0.111 0.016 −6.855 −0.142 −0.079 < .0001 – –
Duration −0.093 0.024 −3.909 −0.140 −0.046 < .0001 15.7	(1) < .0001
CEC 0.076 0.023 3.237 0.030 0.122 .001 10.5	(1) .001
Plot	size 0.101 0.024 4.168 0.054 0.149 < .0001 17.4	(1) < .0001
MAT −0.015 0.024 −0.610 −0.062 0.033 .542 – –
Nadd:MAT −0.049 0.019 −2.599 −0.085 −0.012 .009 6.7	(1) .009
76.9	(6) < .0001
Individual	species	abundance	(IA) Nadd −0.275 0.081 −3.389 −0.434 −0.116 .001 11.5	(1) .001
MAP −0.441 0.146 −3.011 −0.728 −0.154 .002 9.1	(1) .002
18.5	(2) < .0001
Mean	species	abundance	(MSA) Nadd:NO3 −0.014 0.014 −0.958 −0.042 0.014 .014 6.5	(1) .014
Nadd:NH4 −0.072 0.022 −2.552 −0.145 0.000 – – –




Nadd −0.103 0.037 −2.796 −0.175 −0.030 .008 6.8	(1) .012
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However,	the	extent	to	which	such	effects	will	also	occur	in	response	
to	atmospheric	N	deposition	remains	elusive,	because	atmospheric	
deposition	 levels	 are	 lower	 than	 typical	 experimental	 N	 addition	
doses	and	because	responses	may	be	confounded	by	influences	of	
other	environmental	pressures.	This	might	also	explain	why	previous	
analyses	of	 temporal	 changes	 in	 site‐level	 plant	diversity	 revealed	
no	clear	trends	in	SR	(Vellend	et	al.,	2017,	2013),	despite	increasing	
atmospheric	N	deposition	levels	occurring	in	the	last	century.
4.4 | Effect of N fertilizer type
In	our	analysis,	 fertilizer	type	 itself	did	not	 induce	a	significant	re‐
sponse	 in	 any	 of	 the	metrics	 considered,	 indicating	 similar	 overall	
impacts	 of	 the	 two	 types	 of	N	 fertilizer.	However,	we	 found	 that	




or	 alkali	 nitrate	 (fertilizers	 also	 containing	NO−
3
).	 In	 general,	 differ‐
ences	 in	 the	chemical	 form	of	 fertilizer	applied	are	very	often	ne‐









might	 depend	 strongly	 on	 the	 partitioning	 of	 differentially	 avail‐
able	 soil	N	 forms	 (Kahmen,	Renker,	Unsicker,	&	Buchmann,	 2006;	
McKane	 et	 al.,	 2002;	Miller	&	Bowman,	 2002).	 Various	 studies	 in	



















Soil	 acidification	 is	 one	 of	 the	 major	 processes	 to	 drive	 biodiver‐




Humbert	 et	 al.,	 2016).	 Soil	 acidity	 follows	 a	 negative	 linear	 rela‐
tionship	with	base	saturation	(exchangeable	base	cations)	(Beery	&	
Wilding,	1971).	However,	the	drop	in	base	saturation	is	independent	






with	 higher	 soil	 CEC,	 the	 negative	 impact	 of	 N	 addition	 through	
acidification	is	reduced	by	base	cation	exchange	in	the	soil,	resulting	
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ship	 for	 SR	 is	 dependent	 on	mean	 annual	 temperature	 at	 the	 site	










influences	plant	biodiversity,	because	 increased	biomass	 results	 in	
increased	competition	for	light	and	in	the	loss	of	rare	species	(Soons	
et	al.,	2017).	 In	addition,	higher	precipitation	could	also	 lead	to	 in‐




different	 among	ecosystem	 types,	 the	modifying	 role	of	 tempera‐
ture	and	precipitation	highlights	 the	 importance	of	 accounting	 for	
biogeographical	and	climatic	gradients	to	assess	the	impacts	of	N	en‐
richment	on	local	plant	diversity	across	large	geographical	extents.
4.7 | Individual responses of plant life‐form types
We	found	that	abundance	losses	were	particularly	large	for	legumes	
and	 non‐vascular	 plants	 (mosses	 and	 lichens).	 Indeed,	 both	 groups	







creased	 soil	N	availability	 represents	 a	disadvantage	 for	N	 fixation	
(Craine	 et	 al.,	 2002).	 Long‐term	 fertilization	 studies	 conducted	 on	
multiple	sites	in	the	USA	found	substantial	declines	in	N	fixers	(Suding	

























We	showed	the	 importance	of	minimizing	N	enrichment	 in	 terres‐
trial	 ecosystems	 to	 reduce	 local	 plant	biodiversity	 loss.	Compared	
with	several	previous	studies	that	summarized	the	impacts	of	N‐ad‐
dition	 experiments	 on	 plant	 biodiversity,	we	 improved	 our	 under‐
standing	of	the	responses	of	plant	communities	to	N	enrichment	by	









response	of	 biodiversity	 to	 anthropogenic	 pressures,	 such	 as	 the	
GLOBIO	 framework	 (Alkemade	et	 al.,	 2009).	 The	GLOBIO	model	
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